The investigation of uncomplicated diarrhoeal disease comprises a large proportion of the workload of microbiological laboratories, and routine methods often fail to indicate a causative agent. The list of causative agents continues to increase. Recently the investigation of opportunistic infections affecting the gastrointestinal tract, particularly in immunocompromised subjects, has increasingly entailed diagnostic work by histopathologists and immunologists as well as microbiologists.
Interest has focused on the coccidian protozoan organism Cryptosporidium sp. This agent, already Accepted for publication 21 May 1985 well known to veterinarians as a cause of diarrhoea in animals, was first recognised in man in 1976. The infection has subsequently been recognised in both immunocompromised subjects (with severe and often life threatening diarrhoea) and normal subjects (predominantly children and young adults in whom it produces a characteristic self limiting flu like gastroenteritis). Cases occur both sporadically and in outbreaks. The illness is often more protracted than that caused by other agents, and invasive investigations may be carried out if Cryptosporidium is not diagnosed.
The infection probably has several reservoirs and routes of transmission in both rural and urban communities. Early veterinary interest led to the assumption that infection was almost entirely zoonotic, but doubt has now been cast on this, and person to person spread is probably more common than was first thought. The natural history of the organism and some laboratory evidence suggests that environmental contamination is probably widespread and infection may additionally be acquired through food and water. Histologically, much is known about the infection because many of the early cases were detected in biopsy material, and infection has been shown to extend beyond the gastrointestinal tract in some cases.
Little, however, is known about the pathogenic mechanisms, although Koch's postulates have largely been fulfilled. The parasite is notably resistant to chemotherapeutic agents, although a wide range have been tested in veterinary studies and administered in the more serious cases in man. Recent work with experimental models, including induced infection in laboratory animals, cell culture, and fertile hens' eggs, has begun to elucidate the biological and pathogenic mechanisms of the organism. Microscopical and serological methods for diagnosis have been developed. It is now recognised that this organism is an important cause of gastrointestinal infections in both normal and immunocompromised subjects throughout the world. Routine laboratory investigation of such infections should now include Cryptosporidium among the list of suspected agents.
Historical aspects
The first description of Cryptosporidium is credited to Tyzzer in 1907, who found the parasite in the peptic glands of laboratory mice and considered it to be an extracellular species related to the coccidian protozoa.' He subsequently suggested in 1910, probably incorrectly, that it had already been described in 1894-5 by J Jackson-Clark, who identified it as a coccidian, Eimeria falciformii. The reports of Tyzzer were remarkable for the quality of their description and illustration. 23 Before the first report of infection in man cryptosporidia were described in a variety of host species and were each generally designated a species of their own. They were classified according to the host in which they were found. The validity of these identifications was first questioned by Vetterling in 1971.4 Subsequently, Tzipori et al suggested that on the basis of wide host tolerance and lack of tissue specificity there may be only a single species in the genus Cryptosporidium.s
The report by Panciera et al in 1971 on the importance of Cryptosporidium in diarrhoea in calves6 was a major stimulus to veterinary interest and subsequently to much experimental work: this was excellently reviewed by Tzipori, 7 Angus, 8 and Current et al.9 The importance of veterinary work in relation to human medicine was amplified in a recent leading article.'0 cell, when a parasitophorous vacuole is formed. The trophozoite (Fig. 5 ) then develops in a pseudoexternal location and derives nutrition from either the host cell (Fig. 6) or the contents of the gut, or both. The mature trophozoite (1-5-6-0 pm in diameter) contains the normal complement of eucaryotic cytoplasmic organelles and undergoes schizogony (an asexual multiple budding process), producing eight merozoites (2-5 pm x 0 4 gm) (Figs. 7 and 8) The microgamont produces up to 16 microgametes (2pm x 0-7 pm), which escape into the intestinal lumen. They contain a large nucleus, a mitochondrion, and a polar ring of microtubules. The authors speculated that this may be equivalent to a flagellum and, presumably, produces the motive force, enabling the microgamete to translocate to the macrogamete. No flagellar filaments, however, have been described that might account for their movement, and it is thought that locomotion is accomplished by a form of flexing or gliding.' 721 An alternative suggestion is that the ring represents the "conoid" structure found in other coccidians, which The fusion of these sexual stages produces the zygote. An oocyst (4-5-6-0pm in diameter) with a thickened wall is derived from this zygote.23 Four sporozoites are formed inside the oocyst. The sporozoites may be produced while the oocyst is still attached to the intestinal epithelial cells, but our recent observations suggest that the sporozoites may form within the oocyst after detachment from the intestinal lining during passage in the faeces (Fig. 9 ). In addition, Current and Long suggested that there are both thin walled and thick walled oocysts.'723 As the thin walled oocysts (Fig. 10) (Table 4) . Diarrhoea is often characterised by two to 10 watery stools a day, often beginning on the first or second day of illness.
Our experiences generally agree with the findings in Table 4 , although anorexia and vomiting were noticed more often and, in a few cases, vomiting was the predominant or initial symptom. The diarrhoea, which was usually foul smelling, was accompanied by Casemore, Sands, Curry considerable weight loss (10% of body weight) and prostration in some cases. The abdominal pain tended to occur in the upper right quadrant. The incubation period usually lasted between five days and two weeks after initial contact with the organism,293032 36 inducing symptoms that could last for five to 14 days.9 24 31-34 To date, no figures have been reported on the size of the infective dose, but it is thought to be low.3042 Verification of the size of the infective dose may indicate that the organism is efficient at causing the symptoms of disease and may continue to be excreted by patients for up to two weeks after their diarrhoea has resolved.3042 This continued infectivity makes such patients a potential hazard to contacts, including hospital staff.
THE DISEASE IN IMMUNODEFICIENT SUBJECTS
In contrast to the short term flu like gastrointestinal illness in immunocompetent patients, Cryptosporidium may cause severe protracted diarrhoea in immunodeficient patients. Most of the patients in the 71 published records of immunocompromised patients had AIDS9 1343-55 but others had hypogammaglobulinaemia9 26 ss 56 or were receiving immunosuppressive treatment.25 27 57 58 The age distribution in these reports was influenced by the large number of patients with AIDS, resulting in a peak incidence between 31 and 40 years. This was reflected in a report on 21 patients with AIDS and Cryptosporidium in whom the age range was 23-62 years (mean 35 7 years).51 Interestingly, of seven patients who did not have AIDS, five were aged under 20 years and three under 10 years.
Transmission of cryptosporidium from animals to man was not confirmed in any of the 71 cases investigated, although two immunosuppressed patients25 57 and one patient with AIDS45 had contact with farm animals. Contact with domestic pets was reported in three cases,4445 58 but follow up investigations were not made. In contrast to healthy (Table 8) .
Pathogenic mechanisms
Infection is initiated by the organism forming a stable attachment to the surface of the intestinal mucosa.
Unlike many bacterial enteropathogens, this process is probably not mediated by extracellular organelles Casemore, Sands, Curry (colonisation factors) but may proceed by cell to cell recognition at the surface membrane. Electron microscopic studies on the ilea of infected calves showed thin, irregular, ruthenium red staining filaments extending from the parasite glycocalyx to the host cell glycocalyx.68 Such a union of electronegatively charged surfaces may be facilitated by the "bridging" action of divalent cations or, more probably, by sugar-sugar binding proteins (lectins).69 Adherence of Entamoeba histolytica trophozoites has previously been reported to be mediated by such a mechanism.70 Possibly, similar proteins may be essential for cryptosporidia to colonise the mucosal surface.
The attachment phase is followed by penetration into the epithelial cell. These initial host parasite relations probably do much to change the appearance of the villi. Heavy infection with Cryptosporidium produces depressions or craters within the mucosal surface, strikingly illustrated by Snodgrass et al by scanning electron microscopy.7i Several investigators described gross changes in the architecture of villi affected by parasites. -27 52 56 72 73 Stunting and fusion of villi were most commonly reported, together with damage to, and degeneration of, enterocytes.73 This, coupled with the location of cryptosporidia predominantly within the posterior small intestine, probably comprise the important enteropathogenic factors.
The relations between the main clinical symptoms of disease and the pathophysiological events described are likely to be multifactorial. A heavy proliferation of Cryptosporidium, particularly in the immunocompromised host, may lead to impaired digestion, malabsorption, and profuse watery diarrhoea. The posterior small intestine is known to be particularly efficient at net fluid absorption.74 Large numbers of cryptosporidia adherent to villi are likely to disturb normal villous function. Such a mechanism has previously been suggested for the symptoms of giardiasis.75 Interestingly, however, lesions of similar severity in the anterior small intestine caused by rotavirus result in only mild diarrhoea.76 Consequently, the distribution of cryptosporidia within the intestine may be crucial in producing the symptoms of disease.
Watery diarrhoea is the major symptomatic expression of cryptosporidiosis and indicates an appreciable increase in lumenal water content. This may reflect Cryptosporidium species a "new" human pathogen either a deficiency in the flow of water and nutrients from the lumen to plasma compartments (absorption) or a net accumulation of fluid in which water and electrolytes enter the lumen from the plasma (secretion), or both. Secretory diarrhoea is usually associated with bacteria capable of elaborating an enterotoxin. Such a mechanism, however, has not been discovered for Cryptosporidium. In our experience the inoculation of faeces heavily infected with cryptosporidia into Vero and other cells sensitive to toxins does not produce a cytotoxic effect. Jervis et al suggested that coccidial enteritis produced in guinea pigs may be caused by the response of the mucosa." The discharge of toxic metabolites directly from the parasite to the infected enterocyte, coupled with the widespread reaction of the lamina propria, may provide a pathogenic mechanism. Cryptosporidial infection in guinea pigs, however, seemed to have little outward effect. Most probably a reduction in the mucosal surface and a decrease of many mucosal enzymes may be responsible for lowering the absorptive capacity of the small intestine, producing an osmotic diarrhoea.78
The intestinal mucosa acts as a semipermeable membrane, and absorption of water occurs as a passive response to physical forces, the most important of which is that derived from osmotic pressure. Pressure gradients are established by absorption of solutes, and water follows across the membrane to maintain osmotic equilibrium. Malabsorption of any water soluble nutrient will result in the retention of water within the lumen, triggering an osmotic diarrhoea. This is clearly the response in lactase deficiency. The disaccharide remains in the lumen with the attendant water until it reaches the colon. The lactose is then split by colonic bacteria, increasing the number of solutes, which in turn draws more water into the lumen. Many enteric infections are known to induce malabsorption of carbohydrates; 79 80 8 1 including viral enteritis, cholera, shigellosis, Isospora belli,82 and giardiasis.8384 Tzipori reported that cryptosporidial infections had a pronounced effect on the activity of membrane bound lactase and suggested that there was a strong correlation between the degree of infection of the mucosa, the extent of mucosal changes, and the severity of the clinical illness.7 Similarly, malabsorption of fat and low serum carotene concentrations were also detected in several patients with cryptosporidiosis.56 85 Malabsorption induced by infection may increase the intestinal water load, causing fermentative osmotic diarrhoea (LA Turnberg, personal communication). It has been estimated that if 5% of the average carbohydrate content of the American diet reached the colon a load of 100 mmol(mOsm) capable of supporting 300 cm3 of water in the intestine would 1331 be produced. Bacterial fermentation of these sugars to fatty acids would stimulate an additional sixfold increase to 18 litres of water.8687 Several workers reported that acid stools, containing large quantities of reducing sugars, characteristic in such condi-88 -9 tions.
Possibly, therefore, the offensive smelling stools which are often reported in cases of cryptosporidiosis may result from the bacterial fermentation of unabsorbed nutrients. It is our experience that most patients when questioned complained of rumbling sensations in the bowel and extremely offensive fluid stools.
Vomiting may exacerbate the loss of fluid produced by diarrhoea. In some patients this may be the predominant symptom with little or no diarrhoea. The mechanism for this emetic effect is unclear, but cryptosporidial endogenous forms have been detected in the stomach.284492 We found cryptosporidia in the vomit of one of our patients.
The severity of cryptosporidiosis in immunocompromised patients may indicate that functional cellular and humoral immunities are necessary to resolve infection. Although systemic antibodies would not be thought to play a part in this because of the superficial position-of -the organisms on the mucosa, circulating antibodies to Cryptosporidium have been detected,'2 93 94 and these were confirmed by our own findings. The presence of humoral antibodies against other enteric pathogens, occupying a similar site, clearly shows that the response to Cryptosporidium is not unique. It is known, for example, that both systemic and local antibodies are produced against Giardia lamblia,95 Escherichia coli,96 and Vibrio cholerae.97 Campbell and Current concluded that infection with Cryptosporidium may not result in protective immunity but may reduce the severity of subsequent infections.93 The actual role of circulating antibodies to Cryptosporidium is uncertain, however, and the presence of locally produced antibodies remains to be determined. Finally, the common occurrence of the parasite in newborn domestic animals suggests that infection and perhaps disease may occur in infants before the development of resistance98 when passive immunity might be expected to be present. Studies on animals indicated that colostral antibodies fail to exert a protective effect. 12
Epidemiological considerations
The ubiquitous nature of the parasite in man, wildlife, farm livestock, and pets and its apparent ability to cross host species barriers implies that the reservoir of infection to man is large. The oocysts are inherently stable in excreta and resistant to chemical agents99 100: oocysts There are a few reports of cryptosporidiosis in normal subjects associated with other intestinal pathogens, especially Campylobacter"'0 and Giardia.3839 The findings of Jokipii et al suggested that their cases largely represented a form of travellers' diarrhoea.39 Our own findings included one subject who seemed to have acquired mixed Cryptosporidium and Giardia infection in Leningrad. In our experience, however, the most common organism, to occur with Cryptosporidium is Campylobacter. A few cases reported to the Communicable Disease Surveillance Centre (CDSC) have been in people who have returned from abroad, and in some of these cases there seems to have been an association with the consumption of raw milk. Two recent reports highlighted Cryptosporidium as a cause of travellers ' diarrhoea. 102103 Water, raw milk, and foods have all been proposed as sources of infection, although this is difficult to substantiate directly in the absence of an enrichment culture system. Concentration methods such as filtration, Moore's swabs, and formol-ether centrifugation have been successfully used in environmental studies in one laboratory by (DPC)10' 120 This evidence supports the proposal by Casemore and Jackson that cryptosporidiosis need not be viewed as a zoonosis.107
Overall, Cryptosporidium seems to occur in about 2% of specimens examined both abroad (Table 1 ) and in the United Kingdom (Table 2) , although rates vary geographically and temporally. Some seasonal variation has been suggested although further data are required to verify this. The observation that infection among immunologically competent subjects occurs more commonly in children has been confirmed37 (Table 9 ). Outbreaks in children attending day nurseries have been reported'05 106 (DP Casemore, unpublished data). The incidence of positive findings in relation to other recognised pathogens in man has not been widely reported, but studies in the United Kingdom106 together with our own experience'20 suggest that Cryptosporidium may be found more often than many "common" pathogens.
Most positive findings reported are from symptomatic subjects. The first report to the CDSC was received in June 1983 from a case diagnosed at Rhyl Public Health Laboratory. It was found as a result of a prospective survey to determine the prevalence of Cryptosporidium in a semirural population. Results reported to the CDSC for 1983-4 ( than that reported in children elsewhere (4%) ( Table   9 ).
In an effort to increase sensitivity concentration methods have been widely reported, especially by veterinary and American workers. The methods most commonly used are those of Sheather,118 using concentrated sucrose and Ritchie's formol-ether method."9 In our experience concentration is rarely required in acute cases, but it may have a role in the examination of specimens from contacts and late or follow up specimens. It is also of value for showing cryptosporidial contamination of environmental samples.'0 Contrary to some American findings," 11112 detailed analysis here has shown that the formol-ether method, when suitably modified, is considerably more sensitive than Sheather's method. Sucrose also interferes with various staining methods and with the attachment of the material to the slide.120
Most light microscopy methods used for diagnosing cryptosporidiosis are not specific and can lead to misidentification. The desirability of a specific test is therefore obvious. The fluorescence antibody test or other similar methods should provide the necessary specificity. Although commercial reagents are not yet available, experimental evidence from veterinary workers (KW Angus, personal communication) and from our laboratory shows that this method does produce improved diagnostic specificity (Fig. 1 1) .1 20 Availability of suitably sectioned biopsy material for examination in the electron microscope can produce a definitive diagnosis.'9 Other workers have used the negative staining method directly with faecal material.'2' The sensitivity of this method is necessarily very low and in the absence of specific morphological features it is of limited diagnostic value.
Proof of an immune response is required both clinically and immunologically. Studies on antibodies have been reported by Tzipori, 94 Current, 12 and Campbell and Current.93 Similar studies in our laboratory showed that there was a response to infection, primarily rising titres of IgA and IgM. When serial specimens were examined the expected rise in IgG titres failed to occur the IgG titres remained low. Low titres of IgA and IgM were also present in some control subjects. This contrasts with the findings of Current' 2 that, almost without exception, the response is IgG.
Conclusion
The role of Cryptosporidium in human disease is now established '22 Interest in human cryptosporidiosis has stemmed mainly from two sources: firstly, the cooperation and sharing of information between veterinary and human health care workers, and, secondly, from the concern related to opportunistic infections in immunocompromised patients, 1334 especially those with AIDS. In view of the impending increase in the incidence of AIDS and the lack of chemotherapeutic substances effective against Cryptosporidium it is essential that work on this parasite should continue. The incidence in immunologically normal subjects makes it imperative to pursue epidemiological and environmental studies.
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